Alfalfa (Medicago sativa L.) is an important leguminous crop worldwide and it has important roles in different aspects of the agriculture system, including livestock feed, crop soil conservation, and improvement of soil nitrogen supply. As a perennial crop, alfalfa breeding for trait improvement takes longer periods of time compared to many other crops, therefore, genetic engineering is a faster route for alfalfa trait modification and improvement. Alfalfa was a first crop in which somatic embryogenesis was developed. Alfalfa was also a pioneering crop in which transgenic technology was developed and applied for trait improvement. Transgenic technology in alfalfa has since advanced steadily in various areas. In this review, we update the recent research progress in alfalfa genetic engineering, focusing on genetic transformation and use of transgenic technology for trait improvement and new trait development.
molecular farming approaches [5] [6] [7] [8] . Like many other crops, genetic engineering is an important approach for alfalfa trait modification and improvement. Development of highly efficient genetic transformation methods for different varieties is important for alfalfa genetic engineering. Alfalfa was a pioneering plant species from which somatic embryogenesis was developed [9] [10] [11] . Alfalfa was also a first crop in which genetic transformation was developed.
For the past years, alfalfa biotechnology research has been steadily progressing and numerous papers have been published to report different aspects of alfalfa biotechnology development. This paper reviews the recent research progress in alfalfa genetic engineering, focusing on method development for genetic transformation and application of transgenic research. The paper reviews the topics that are not discussed in recent review papers [12] [13].
Genetic Transformation-Tissue Culture Based Technology

Alfalfa Genotype
Establishment of a plant in vitro regeneration system is the prerequisite for development of genetic transformation, as almost all crops including alfalfa, at this time, rely on tissue culture systems for transgenic development. Alfalfa regeneration is mainly based on somatic embryogenesis and few studies have reported regeneration of alfalfa via organogenesis. Research has indicated that alfalfa somatic embryogenesis is strongly genotype dependent compared to some other plants, and alfalfa in vitro regeneration has been reported only in very limited genotypes [14] [15] [16] [17] [18] . Given that not all the embryogenic genotypes are transformable, at this time, alfalfa transformation is limited to a few cultivars only [19] [20] [21] [22] [23] [24] [25] [26] . Accordingly, lack of transformation in many alfalfa cultivars is largely due to the lack of in vitro regeneration system in these genotypes, rather than transformability of these genotypes. In this regard, development and improvement of regeneration technologies, specifically, development of somatic embryogenesis technology, is important for future research to achieve genetic transformation for a large number of alfalfa cultivars and genotypes.
Explant Type
Compared to many other plant species in which transformation is usually conducted using a single and specific explant, alfalfa genetic transformation can be achieved using different types of explants, such as roots, leaves, stems, petioles and somatic embryos, if the genotypes are feasible for somatic embryogenesis [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Specifically, if a genotype is identified to be embryogenic and regenerable, there is a good chance that somatic embryos can be induced in different types of explants. Accordingly, transformation can be conducted using different types of explants. Tian et al. [35] report genetic transformation using a number of different organs as explants and transgenic plants were recovered from all the explants tested. It appeared that the transformation efficiency was not affected by the explants used, rather it depended on the somatic embryogenesis capacity of the explants. [37] . The concern is that selection through direct embryogenesis may be less effective and may result in escapes [27] . In addition, spontaneous embryogenesis appeared to be very genotype specific and thus the technique may be restricted to unique clones and genotypes.
Liu et al. [24] report a transformation system which also used somatic embryos as explants. The system was based on cell dedifferentiation or cell reprogramming of somatic embryos induced by plant growth regulators, subsequent induction and development of embryogenic calli, and somatic embryo formation from the calli cultured on plant growth regulator-free medium. The biological and regeneration pathway of secondary embryogenesis reported by Liu et al. [24] is different from direct and repetitive embryogenesis [27] [28] [37] . The transformation reported by Liu [24] could be applied to different genotypes and no escapes were observed. Introduction of multiple genes of interest into previously transformed plants to confer plants with different traits is a direction of wide application of transgenic technology [32] . Use of somatic embryos as explants from transgenic plants to initiate transformation to introduce new genes of interest can reduce the time for development of plants that contain multiple new traits. In addition, the system may be an option for those cultivars in which use of other organs for transformation is difficult.
Tissue Culture Method and Transformation
Since the first report of alfalfa genetic transformation, tissue culture-based method has been the main procedure for alfalfa transformation. Nevertheless, use of other methods has also been attempted. Weeks et al. [38] report an in-planta transformation method in which the seedlings were cut at the apical meristem region and infected by Agrobacterium solution with a combination of a few other procedures. This method avoided using the tissue culture system. In-planta transformation has also been reported in Medicago truncatula which is closely related to alfalfa by taxonomy. In that report, seedlings or flowers were infiltrated with Agrobacterium solution and seeds produced from Agrobacterium-infected plants were harvested and then screened to select transformants [39] . In-planta transformation has a number of advantages over tissue culture-based approach; mainly it can reduce extensive labor work involved in tissue culture and avoid using tissue culture facility which is usually costly. However, few studies have since reported to adapt the in-planta transformation methods described above to alfalfa. This indicates that in-planta transformation is less effective and repeatability is low.
At this time, tissue culture is still the main method for alfalfa transformation.
Thus, continuous research on improving tissue culture methods is still important for alfalfa transformation development and improvement.
Based on the medium reported by Blaydes [40] and Schenk and Hildebrandt [41] , Tian et al. [29] report development of a method in which embryogenic callus can be maintained for a long period of time without losing the embryogenic capacity and when in need, the callus can be transferred to an embryo development medium for embryo formation and subsequently plant recovery [29] [40]
[41]. The advantages of this method concerning transformation is that the callus can be maintained for proliferation for an extended period of time and thus the selection for transgenic calli can be conducted repeatedly on fresh medium. This system can strength the selection to effectively eliminate non-transformed cells and to ensure all the tissues developed and plants recovered are all true transformants [29] . Improvement of tissue culture methods to increase the quality of somatic embryos for effective plant regeneration is an important approach to increase alfalfa transformation. Amini et al. [42] report that the efficiency of alfalfa somatic embryo development was increased to 52% in medium supplemented with natural extract from Cuscuta campestris from 26% when no natural extract was used [42] . Subsequently, alfalfa transformation efficiency was increased from 15.2% to 29.3% using the medium containing natural extract. HPLC and GC/MS analyse of the extract showed that the natural extract contained a high level of ABA and certain compounds that promoted somatic embryo maturation. The study suggests that alfalfa genetic transformation could be limited by inefficient tissue culture system and improvement and optimization tissue culture methods can be an important approach for improvement of transformation efficiency or even for the success of transformation.
Selection Scheme
Various selectable markers have been used to generate transgenic alfalfa lines [43] . Besides markers, an important aspect of successful selection is the promoters that drive the expression of the marker genes in different tissues. This is especially true in alfalfa as transformation in alfalfa can be conducted using different types of explants. CaMV35 promoter has been widely used in plant transformation, even for a marker derived from alfalfa [34] . However, the 35S promoter is virus-derived and commercial application of transgenic plants containing viral promoters or genes can have safety concerns. Tian et al. [35] used a plant constitutive promoter, tCUP [48] , to drive the marker gene expression for alfalfa transformation. tCUP is a cryptic promoter found in tobacco via promoter trap strategy 
Preservation of Transgenic Material and Transgene
Preservation of transgenes and transgenic materials is an important issue for the wide application of transgenic technology after transgenic plants are generated.
Transgene in plants is usually stored in seeds, and after seed germination, the gene can then pass to the next generation. Nevertheless, after self-cross, a portion (a quarter) of the seeds of F1 plants will lose the transgene due to the hete- [56] , "artificial seeds" were produced from genetically transformed roots of Baikal skullcap (Scutellaria baicalensis Georgi) and common rue (Ruta graveolens L.), which are medicinal plants [56] . Although authors used terminology of "artificial seeds", the transgenic materials used in artificial seeds were root fragments encapsulated in gel coat. After long-term storage at low temperature, new shoots can be induced from the artificial seeds. The new tissues developed contained high and desired levels of flavone contents. The study also described some other advantages of the technology including preservation of valuable materials, easy long distance transportation, and little microorganism infection. The method of using other parts of transgenic plants, rather than somatic embryos subjected to encapsulation as described by Vdovitchenko and Kuzovkina to preserve transgenes may be extended to alfalfa to avoid somatic embryogenesis process [56] .
Application of Transformation Technology
Transgenic technology has been used for trait improvement or adding of new traits to alfalfa, and numerous studies for different attributes have been reported (see recent review [13] [57]). Besides traditional agricultural trait improvement, such as biotic and abiotic stress resistance, alfalfa has also been explored for recombinant protein production due to its high biomass production [7] [58]. As a non-human food plant, use of alfalfa transgenic plants for new protein production has less public or ethical concerns. For the past years, many genes have been transferred to alfalfa for new protein expression and production. However, commercial production of recombinant proteins using alfalfa has not been well achieved. This part of the review will discuss this issue and potential approaches
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to increase expression via tissue culture. In addition, improvement of alfalfa forage yield and quality has been challenging via traditional methods [59] [60], but has become possible via the transgenic approach and thus will be discussed here.
Increasing Recombinant Protein Expression via Tissue Culture Approach
Numerous new biomolecules, including proteins, enzymes, pharmaceuticals and industrial materials have been expressed in alfalfa via transgenic technology [13] .
Transgenic approach has also been used to induce chemical functional groups and molecular structure changes in alfalfa [61] . However, at this time, molecular farming to express new proteins in alfalfa is still largely carried out in the laboratories and has yet to reach commercial production stage. degraded by plant regulatory enzymes [62] . Seeds are natural organs for protein accumulation and may be used for new protein production. However, the protein concentration and contents in seeds for a plant species are already high and the space is "full". In addition, seed production of alfalfa needs special pollinators, such as bees. Using bees may not be possible in some areas, which has increased difficulty of seed production.
Plant tissue culture has been recently re-studied and appears to be a potential system for high levels of recombinant protein expression via transgenic technology. Somatic embryos resemble zygotic embryos in many aspects and may accumulate higher levels of proteins as true seed. A study by Winkelmann et al. [63] showed that 74% of the proteins expressed in zygotic embryos were also found in a similar pattern to express in somatic embryos of ornamental plant
Cyclamen persicum using proteomic analysis [63] . Liu 
Forage Yield and Quality Improvement
Breeding in the early 20 th century released many alfalfa cultivars, notably "Atlantic" in 1940, "Ranger" in 1942 and "Vernal" in 1953 [68] . However, yield comparison of the varieties released in 1990s and 1950s showed no significant improvement in alfalfa breeding [59] . Improving alfalfa forage yield through traditional breeding methods appears to be restricted, in part because biomass production depends on a number of factors such as environment, growing seasons and plant genetics [59] [60].
Progress via traditional breeding aimed at improving forage quality is also li- production in transgenic alfalfa [73] . In addition, manipulation of heterologous LjmiR156 (a miR156 precursor from Lotus japonicus) also improved biomass production even though MsmiR156 and LjmiR156 transgenes displayed some unique effects on forage quality in transgenic alfalfa [70] . Apart from forage yield improvement, transgenic technology has also been used to enhance forage quality in alfalfa. Expression of chimeric genes encoding a ruminal stable, sulfur amino acid-rich protein from sunflower seed resulted in a significant increase in sunflower seed albumin in transgenic alfalfa leaves [81] . Lignin is a major structural polymer in plant vascular tissues, and its rigidity inhibits rumen fermentation of cell wall polysaccharides. Gene manipulation strategies have thus been developed to reduce lignin content in alfalfa. Boucher showed that down regulation of the gene encoding Cinnamyl alcohol dehydrogenases (CAD); an enzyme that catalyzes the last step in the biosynthesis of lignin precursors altered lignin composition and improved in situ cell wall degradation in transgenic alfalfa [82] . 
Conclusion
Alfalfa is an important forage crop worldwide. Like many other crops, transgenic technology is an important approach for alfalfa trait improvement. For the past years, many studies have contributed to alfalfa transgenic technology development and advancement as well as to crop trait improvement via transgenic technology.
Alfalfa is a first crop in which plant in vitro regeneration and transformation technologies were developed. Indeed, transformation in alfalfa is only available, at this time, for a few genotypes and is yet to be developed for the vast majority of varieties and genotypes. In addition, high throughput transformation me-thods, which are important for genomics and molecular biology research, have not been developed. As transformation in alfalfa is essentially based on in vitro regeneration, a major barrier in alfalfa transformation is that regeneration has not been developed for these plants. Continuous research in tissue culture is important for alfalfa genetic transformation and biotechnology development, which is a major discussion focus of this review. Further development of transformation methods is important for promoting the application of transgenic technology for crop trait improvement, which is yet to be seen. Genome editing, especially CRISPR-Cas, is a new and powerful technology for crop trait improvement and has been reported for many plant species but has yet to be demonstrated in alfalfa. Genome editing is usually conducted through genetic transformation. Development of a highly efficient transformation technology for different alfalfa varieties and genotypes will provide a platform for application of genome editing in alfalfa for trait and quality improvement and modification in the future.
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